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ABSTRACT 
A f r e e  shear  l a y e r  mixing a n a l y s i s ,  a "quas i -g loba l"  f i n i t e  
ra te  ox ida t ion  model f o r  hydrocarbon burning,  and a carbon cloud 
r a d i a t i o n  a n a l y s i s  are h e r e i n  coupled i n  an  a t tempt  t o  d e s c r i b e  
t h e  t u r b u l e n t  exhaust  plume of a hydrocarbon-oxygen rocke t  engine.  
The f r e e  shear  l a y e r  mixing a n a l y s i s  i s  based on t h e  boundary 
l a y e r  equa t ions .  
T h e  development of t h e  "quasi-global"  chemistry model i s  pre-  
s en ted  and comparison i s  made w i t h  experiments .  
The r a d i a t i o n  a n a l y s i s  employs t h e  grey gas  assumption, t akes  
i n t o  account  t h e  a f f e c t s  of plume cu rva tu re ,  and inc ludes  t h e  
back r a d i a t i o n  t o  t h e  engine base.  
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PLUME FLOW FIELD 
TECHNICAL REPORT # 681 
T9E EFFECT OF !%XI!?G, ?,Z?nIP,TIO?2, AXE FI>?ITE-F-?iTE r~-_nr_TsTInN 
UPON THE FLOW FIELD AND SURROUNDINGS OF TKE EXHAUST PLUMES 
OF ROCKETENGINES BURNING R P 1  (KEROSENE) AND L I Q U I D  OXYGEN 
0. Fortune and R .  Edelman 
I.  INTRODUCTION 
Previous work on exhaust  plume a f t e r b u r n i n g  e f f e c t s ,  Refs.  1 
and 2 ,  e s t a b l i s h e d  (1) a f r e e  shear  l a y e r  mixing a n a l y s i s  f o r  f u l l y  
expanded nozzle  flows, ( 2 )  a "quas i -g loba l"  f i n i t e  r a t e  ox ida t ion  
mechanism f o r  high molecular weight  hydrocarbons,and ( 3 )  a f r e e  
shear  l a y e r  carbon cloud r a d i a t i o n  a n a l y s i s .  The f r e e  shear  
l a y e r  mixing a n a l y s i s  i s  based on t h e  s o l u t i o n  of  t h e  boundary 
l a y e r  equat ions  and makes use of t h e  best  a v a i l a b l e  formula t ions  f o r  
eddy t r a n s p o r t  c o e f f i c i e n t s .  The "quas i -g loba l"  ox ida t ion  mechanism 
involved e i g h t  a c t i v e  spec ies  e n t e r i n g  i n t o  n ine  elementary r e a c t i o n s  
coupled t o  a g l o b a l  r eac t ion  invo lv ing  t h e  p a r t i a l  ox ida t ion  of  t h e  
h igh  molecular  weight hydrocarbon molecule.  Thus, a t o t a l  of n ine  
a c t i v e  (N2 i n e r t )  and t e n  r e a c t i o n s  w e r e  considered.  
a n a l y s i s  i nc ludes  t h e  a f f e c t  o f  r a d i a t i o n  on t h e  flow f i e l d  a s  
w e l l  a s  t h e  back r a d i a t i o n  t o  t h e  v e h i c l e  base .  The grey gas  
assumption i s  made and t h e  f f e c t s  of cu rva tu re  a r e  inc luded .  
The r a d i a t i o n  
I n  t h e  p r e s e n t  s tudy the  f i n i t e  r a t e  "quasi-global"  chemistry 
of Ref. 1 has  been improved, coupled t o  t h e  r a d i a t i o n  a n a l y s i s  of 
Ref. 2 ,  and s e t  i n  a flow f i e l d  s p e c i a l l y  designed f o r  t h e  under- 
expanded plume r a d i a t i o n  problem. I n  a d d i t i o n ,  an a t tempt  has  been 
made, based on experimental  r e s u l t s ,  t o  formulate  a quas i -g loba l  
f i n i t e  r a t e  chemistry model f o r  t h e  burning of t h e  very small  carbon 
p a r t i c l e s  t h a t  a r e  d ispersed  throughout  t h e  plume. 
-1- 
11, PLUME FLOW FIELD GOVERNING EQUATIONS 
I n  t h e  F-1 engine,  which i s  t y p i c a l  of rocke t  engines  burn ing  
hydrocarbon f u e l s  and l i q u i d  oxygen, t h e  plume exhaus t  gases  are  
i n  g e n e r a l  f u e l  r i c h ,  which means t h a t  s m a l l  carbon p a r t i c l e s  (wi th  
a mean d iameter  of 300 t o  500 Ao) are  d i s p e r s e d  
reg ion .  Furthermore, t h e  tempera ture  o f  t h e  exhaus t  gases remains 
h igh  enough (near 2000 K )  so  t h a t  it i s  q u i t e  p o s s i b l e  f o r  t h e  
upper l a y e r s  of t h e  p l u m e  t o  mix and burn wi th  t h e  surrounding a i r  
i n  a s h o r t  enough pe r iod  of t i m e  so  t h a t  t h e r e  are  r a d i a t i n g  s o o t  
p a r t i c l e s  a t  over 2000 K w i t h i n  a few nozz le  e x i t  d i ame te r s  o f  t h e  
base and nozz le  e x i t ,  even though t h e  plume i s  d e f i n i t e l y  supe r son ic ,  
o r  even hypersonic .  
throughout  t h e  r i c h  
0 
0 
I n  t h e  F-l engine t h i s  a f f e c t  w i l l  be enhanced by t h e  f u e l  
r i c h  a u x i l i a r y  engine t u r b i n e  exhaus t  g a s e s  t h a t  a r e  dumped i n t o  t h e  
nozz le  boundary l a y e r  r eg ion ,  as shown i n  F igu re  1, and are  t h u s  
t h e  f i r s t  t o  m i x  w i th  t h e  surrounding a i r ,  and a t  a lower v e l o c i t y  
than t h e  main flow. 
Thus i t  is  important t o  ana lyze  t h e  amount of  rad ian t .  h e a t  
t r a n s f e r  t h a t  w i l l  be genera ted  from t h e  s o l i d  carbon t o  see i f  i t  
w i l l  c a u s e a s i g n i f i c a n t  r i se  i n  temperature  on t h e  base o f  t h e  engine, 
o r  a d j a c e n t  nozzle s u r f a c e s .  
S ince  t h i s  study i s  l i m i t e d  t o  r a d i a t i o n  from t h e  carbon,  which 
i s  s i g n i f i c a n t  only i n  t h e  shear  l a y e r ,  it i s  assumed t h a t  t h e  i n n e r  
boundary of t h i s  l a y e r  i s  a d i a b a t i c .  F u r t h e r ,  i t  i s  a l s o  assumed 
t h a t  w i t h i n  t h e  plume, r a d i a t i o n  components p a r a l l e l  t o  t h e  plume 
boundary s t r eaml ine  are  n e g l i g i b l e  compared t o  t h e  components normal 
t o  t h e  boundary. Using c u r v i l i n e a r  c o o r d i n a t e s ,  s i s  t h e  arc  
d i s t a n c e  a long  t h e  boundary and n t h e  normal t o  t h e  s t r e a m l i n e .  B y  
d e f i n i t i o n  n = 0 on t h e  p l u m e  boundary s t r e a m l i n e .  The carbon 
p a r t i c l e  c loud i s  cons idered  a s  a continuum i n  dynamic and thermal  
e q u i l i b r i u m  w i t h  t h e  g a s  phase,  and f o r  a f ree  shea r  l a y e r ,  which 
-2- 
I 
I i s  t h i n  compared t o  t h e  plume, the  p a r a b o l i c  boundary l a y e r  equat ions  t h a t  s h a l l  be used t o  descr ibe  the  mixing i n  t h e  plume ambient  a i r  
i n t e r f a c e  a r e  e x a c t l y  t h e  same a s  those  f o r  a s t eady  axisymmetric 
boundary l a y e r  on a b l u n t ,  curved body (cf.  R e f .  4 )  : 
Continui ty:  
Momentum: 
bU + p v - = -  bU * + a  ( P a n )  bU p' bs an d s  an 
Enerqy: 
bu 2 i - i  aT = * + I(-- ) - P Z I  h w  
d s  an i =1 
bT + c pv n
P cp p' bs 
where q i s  t h e  r a d i a t i o n  hea t  f l u x .  r 
Dif fus ion:  
- boi ) + pwi acti a 
p' ds an an ( sc an 
i 
+ p v - = -  arv 
where y = y ( s )  i s  t h e  r ad ius  o f  t h e  d i v i d i n g  s t reaml ine .  
The von M i s e s  t ransformation i s  used  t o  relate t h e  ( s , n )  and 
( s , # )  coord ina te  systems, where t h e  s t ream func t ion  1c, i s  def ined  
by 
-3- 
- =  P U Y  an (5) 
and 
Thus if b = b ( s t @ )  
(7 )  
0 ,  i t  can e a s i l y  be shown t h a t  t h e  stream f u n c t i o n  an S ince  
i d e n t i c a l l y  sa t i s f ies  t h e  c o n t i n u i t y  equat ion .  
I n  a d d i t i o n ,  the equat ion  of  s t a t e  i s  
(9) 
It should be noted t h a t  t h e  molecular  weight  of t h e  mixture  i s  
c a l c u l a t e d  inc luding  t h e  c o n t r i b u t i o n  of  t h e  m a s s  f r a c t i o n  of  s o l i d  
carbon,  i f  any. The mixture  d e n s i t y  i s  
where g r a p h i t e  i s  t h e  t h i r t e e n t h  and l a s t  chemical s p e c i e .  
-4- 
I 
Usinq t h e  stream funct ion .  t he  conserva t ion  equat ions  may now 
be w r i t t e n  
Momentum: 
Energy: 
Di f fus ion:  
.i b a a 2  W 
b# (sc Tip + -  U
i 
bo! 
3.5 
- = -  
where 
2 
PWY a r  
Consider  t h e  flow f i e l d  t o  be d iv ided  up i n t o  a g r i d  i n  ( s , $ )  
coord ina te s ,  with #=$. on t h e  s a x i s .  L e t  J, be the t o p  g r i d  
P M 
p o i n t ,  and #l t h e  bottom g r i d  p o i n t .  I n  gene ra l ,  #, ' 0. 
-5- 
s 
Since  t h e  conserva t ion  equa t ions  a r e  i n  t h e  form of p a r a b o l i c  
1 d i f f e r e n t i a l  equat ions  they  may be w r i t t e n  us ing  t h e  fo l lowing  
e x p l i c i t  f i n i t e  d i f f e r e n c e  scheme where t h e  d e r i v a t i v e s  o f  an 
a r b i t r a r y  independent v a r i a b l e ,  F,  are  eva lua ted  by 
-6- 
I 
I 
I 
1 
I 
i 
I 
I 
i 
I 
8 
I 
1 
I 
S 
where 
a +a - n,m n,mfl 
2 
- a n,m& 
Using these relations, the conservation equations become 
Mom en t um : 
Energy: 
k 
+%(a)  (T -T ) ci (ai 1 3  n I m+l-@n, m-1 Pn,m Sc n,m i=l n,m+l n,m-1 
The derivation of - is explained in Section B of this a$ ' 
report. 
-7- 
Diffus ion:  
- i  
Thus t h e  c a l c u l a t i o n  marches forward i n  s t e p s  of A s  so lv ing  
e tc .  LS m u s t  be k e p t  n , m - 1 '  Fn , m'  Fn, m + l '  i n  t e r m s  of F for Fn+ 1 , m 
small  f o r  t h e  s o l u t i o n  t o  be s t a b l e .  Th i s  i s  done by u s e  of 
t h e  fol lowing c r i te r ia :  
For 
(4) 
pu sc L S  = 2 
( 3 )  As3 = m i n i m u m  ( A n .  1 ) 
Then As = minimum ( A 5 , A s 2 ,  A s 3  )/XMPS, where XMPS i s  an i n p u t t e d  
cons t a n  t . 
Grid p o i n t s  a r e  added a t  both  3, M and $ 1 as t h e  plume and ambient 
a i r  mix. The c r i t e r i o n  f o r  adding a g r i d  p o i n t  i s  t h a t  t h e r e  be a 
d i f f e r e n c e  of more than 0.1% i n  u ,  T o r  cy , between @ M and 9M-l, o r  i 
-8- 
When one less than t w i c e  t h e  i n i t i a l  number of g r i d  p o i n t s  are 
i n  u s e  a l t e r n a t e  p o i n t s  are disczrded, and t h e  c a l c u l a t i o n  proceeds 
us ing  t h e  o r i g i n a l  number of g r i d  p o i n t s .  This  process  i s  repea ted  
throughout t h e  c a l c u l a t i o n .  
s i n c e  t h e  u ,  T ,  and N 
i s  ha lved ,  even when t h e  i n i t i a l  p r o f i l e s  had a u n i t  s tep func t ion  
d i f f e r e n c e  between t h e  plume and i t s  surroundings.  
I t  does n o t  i n t roduce  s i g n i f i c a n t  errors, 
i 
p r o f i l e s  w i l l  be smooth by t h e  t i m e  t h e  g r i d  
The i n i t i a l  plume boundary s t r e a m l i n e  m u s t ,  o f  course, be pre-  
se rved  throughout t h e  length  of t h e  c a l c u l a t i o n .  
-9 
SECTION B 
RADIATION ANALYSIS 
I 11. PLUME RADIATION EFFECTS 
I n  Sec t ion  A t h e  t e r m  q t h e  r a d i a n t h e a t  f l u x ,  was i n t r o d u c e d ,  r f  
b u t  n o t  eva lua ted .  The de te rmina t ion  of  t h e  r a d i a n t  heat f l u x ,  
both across t h e  plume, and t o  t h e  base, i s  one o f  t h e  c h i e f  o b j e c t i v e s  
of  t h i s  work, I n  Reference 2 S lu t sky  and Melnick p resen ted  a n  a n a l y s i s  
f o r  t h e  carbon r a d i a t i o n  problem, which s h a l l  be summarized below. 
This  r a d i a t i o n  a n a l y s i s  has  now been coupled t o  an  improved form of 
t h e  mixing and f in i t e - r a t e  combustion a n a l y s i s  of Reference 1. 
dur ing  t h e  course of t h i s  work an a t tempt  w a s  made t o  formulate  a 
g l o b a l  f i n i t e - r a t e  combustion model f o r  t h e  burning o f  t h e  plume 
carbon p a r t i c l e s .  
A l s o ,  
I t  appears  from t h e  work of References 2 and 5 , f o r  example, t h a t  
f o r  t h e  chemical composition and temperature  t y p i c a l  of t h e  F-1 
engine plume, t h a t  t h e  p r i n c i p a l  source of r a d i a t i o n  i s  t h e  very s m a l l  
s o l i d  carbon p a r t i c l e s  t h a t  are  d i spe r sed  throughout t h e  f u e l  r i c h  
r eg ions  of t h e  plume. 
A,.  Local Plume Radia t ion  Flux 
I n  Reference 2 ,  an a n a l y s i s  w a s  developed which r e s u l t e d  
i n  t h e  fol lowing expression f o r  t h e  f l u x  across t h e  r a d i a t i n g  l aye r :  
0 
.L 
0 
where 
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1 
I 
I 
I 
I 
I 
I 
I 
1 
1 
and 
i l ~r  d i r e c i i u r l  c u s i r i e  ur' the r d d i a t i o n  i n t e n s i t y  w i t n  respect t o  R ,  
t h e  d i r e c t i o n  normal to  t h e  plume boundary s t r e a m l i n e .  
- - - o  - L V s p  - 
Thus, 
where E i s  1 t h e  f i r s t  incomplete gamma func t ion  of t h e  form 
a 1 - -  Q3 -ab -n c n-2 e b d b = l  e c dc  
1 0 
1 
b 
c =  - f o r  
Using t h e  method of p a r t s ,  and t h e  r e l a t i o n  
2 a 
E 2 ( a )  = - / E l ( a )  da 
aqr  hi 1 
i s  r e a d i l y  eva lua ted  numerical ly  a t  n , and by Equation (8) ad) i 
1 aqr  i s  simply - - . 'qr Yq- pu an 
B. Radia t ion  t o  t h e  Base Reqion 
The r a d i a t i o n  energy f lux  from any p o i n t  Q ( x , y )  of t h e  
p l u m e  surface t o  any p o i n t  P ( o , r )  of t h e  base may be very  simply 
expressed as  
-11- 
where 8 i s  t h e  angle  between t h e  v e c t o r  QP and t h e  normal t o  
t h e  base n I(m) i s  t h e  i n t e n s i t y  of t h e  r a d i a t i o n  i n  t h e  
d i r e c t i o n  E ,  and Q i s  t h e  a p p r o p r i a t e  s o l i d  a n g l e  f o r  t h e  plume 
s u r f a c e  ( c f .  Figure 2). 
B' 
Now d o  may be expressed a s  
(27 )  
cos p a  d o  = 
(ap) 
where /3 i s  t h e  angle  between= and < t h e  normal t o  t h e  plume 
s u r f a c e  element dA ( c f .  F i g .  2 ) .  
The above may be expressed more e x p l i c i t e l y  by r e p r e s e n t i n g  dA 
as  an  element on t h e  cone tangent  t o  t h e  plume s u r f a c e  a t  Q ( x , y ) .  
shown i n  F i g u r e s  2 ,  3 and 4 ,  it i s  p o s s i b l e  us ing  an  i j k  t r i a d  of * , and \E: dx u n i t  v e c t o r s  t o  w r i t e  W, E, and 5 i n  t e r m s  o f  x , y ( x ) ,  
As 
B 
- 
QP = TX - ~y s in* + E (r-y cos*) 
- - 
n .= i y  * + ju sin \k + 1 ~ y  cos  Q dx 
H e r e  \k i s  t h e  n e t  as imutha l  ang le  of p t .  Q ( x , y )  w i th  respect t o  
P t  . P ( 0 ,  r ) .  
By d e f i n i t i o n :  
= d y  
dx Using t a n  cp - 
-12- 
cnse[xtanr_n - v + r cos*) 
C O S S  = 
% 
CI CI CI 
L J x L  + yL + r - 2yr cos* 
case = X 
J x2 + y2 + r 2 - 2yr cos* 
The element s u r f a c e  area on t h e  tangent  cone can be expressed  as 
dA = y  dWix coscp 
Using t h e  above r e l a t i o n s  we may s u b s t i t u t e  i n  Equation (26) 
t o  o b t a i n  
i 3 n \  
\ J " /  
The domain of i n t e g r a t i o n  for can be r e s t r i c t e d  by 
9 
cons ide r ing  t h a t  w e  are only i n t e r e s t e d  i n  cases where t h e  i n t e g r a l  
i s  p o s i t i v e .  Hence, 
x t a n  cp - y + r COS Q 2 0 
i s  r e q u i r e d .  
-13- 
(34) 
I t  now r e m a i n s  t o  e v a l u a t e  I (cos  B ,x ) .  I t  w a s  shown i n  Ref. 2 
t h a t ,  except  f o r  cos B M 0 
0 
For cos p -.) 0 it i s  necessary  t o  t a k e  i n t o  account  t h e  p l u m e  
s u r f a c e  curva ture .  A s  i s  expla ined  i n  Ref. 2 ,  Equation ( 3 5 )  i s  
modif ied t o  
I ( C O S ~ , X )  = 2 e -5M JtM B ( 6 )  cosh [d[ 
0 
where 
z 
and z i s  obta ined  f o r  t n -n and t = R (1-s in  8) and by t h e  
t r ans fo rma t ion  
e M C 
(R -t) d t  
C dz = - 
as  i l l u s t r a t e d  i n  F igu re  5 .  
Thus, t h e  f i n a l  form o f  t h e  i n t e n s i t y  i s  
~ ( c o s B )  = 2 e  
B ( t )  cash cpcX (R -t) 
d t  -'M j t M  C 
0 cosp)  2+t ( t -2Rc)  J (Rc 
\ 
where 
-14- 
( 3 5  1 
(37) 
(39) 
and 
The above i s  used i n  t h e  e v a l u a t i o n  o f  q ( P )  i n  Equat ion ( 2 6 ) .  r 
c .  R e s u l t s  of Radiant  Base Heat ing C a l c u l a t i o n s  
b 
Appendix B l i s t s  t h e  i n i t i a l  c o n d i t i o n s  and nozz le  and 
plume geometry f o r  t w o  sample p l u m e  c a l c u l a t i o n s .  
w e r e  carried o u t  t o  a downstream d i s t a n c e  o f  one nozz le  e x i t  r a d i u s .  
F i g u r e s  6 and 7 show t h e  i n t e g r a t e d  r a d i a n t  heat f l u x  t o  s e v e r a l  
base r ad i i  for  these ca lcu la t ions .  The conclus ion  based on t h e s e  
c o n d i t i o n s  would be t h a t  r a d i a n t  heat t r a n s f e r  does n o t  cause 
s i g n i f i c a n t  base h e a t i n g  w i t h i n  a p e r i o d  o f  t i m e  for which it i s  
r easonab le  t o  expec t  t h e  F-1 engine t o  be o p e r a t i n g ,  and t h a t  
convec t ive  h e a t  t r a n s f e r  may be the dominant mode of  base h e a t  t r a n s f e r .  
The c a l c u l a t i o n  could ,  of course,  be carried o u t  t o  a greater 
d i s t a n c e .  
T h e  c a l c u l a t i o n s  
I n  e v a l u a t i n g  whether plume r a d i a t i o n  has  a s i g n i f i c a n t  
h e a t i n g  e f fec t  on t h e  engine base i t  i s  necessary  t o  cons ide r  both 
how long  the  engine w i l l  be f i r i n g ,  and t h e  h i s t o r y  of t h e  magnitude 
of t h e  r a d i a n t  f l u x  du r ing  t h e  f i r i n g  pe r iod .  
s e v e r a l  hundred seconds seems reasonable  both  f o r  t ake -o f f s  and i n -  
space maneuvering. I n  space ,  t k e p l u m e  w i l l  p r e s e n t  a f a r  greater 
t o t a l  surface area t o  t h e  base, b u t  t h e  plume gases w i l l  have 
expanded t o  a temperature less than h a l f  of t h e  nozz le  e x i t  tempera- 
t u r e .  
e s s e n t i a l l y  a t  t h e  same temperature  a s  t h e  g a s  surrounding them, then 
t h e  l o w e r  p l u m e  temperature w i l l  a t  lease p a r t i a l l y  compensate f o r  
A maximum f i r i n g  t i m e  of 
If t h e  assumption i s  accepted t h a t  t h e  carbon p a r t i c l e s  are 
-15- 
t h e  l a r g e  s u r f a c e  area. S i m i l a r l y ,  du r ing  a launching,  a s  t h e  
free stream pres su re  dec reases  w i t h  a l t i t u d e ,  t h e  r educ t ion  i n  
plume temperature  due t o  expansion w i l l  oppose t h e  a f f e c t  of 
i n c r e a s e d  plume su r face  area be ing  p resen ted  t o  t h e  base. 
Although r a d i a n t  base h e a t i n g  may n o t  be s i g n i f i c a n t ,  it 
would be worthwhile t o  extend t h e  p r e s e n t  c a l c u l a t i o n  t o  i n c l u d e  
r a d i a t i o n  t o  bodies  such as other F-1 nozz le s  c l u s t e r e d  near  t h e  
plume. 
summary p resen ted  i n  t h i s  r e p o r t ,  w i l l  show t h a t  t h i s  i s  a r e l a t i v e l y  
s imple  and s t r a i g h t f o r w a r d  t a s k .  
A look a t  the f u l l  r a d i a t i o n  a n a l y s i s  i n  Ref. 2 ,  or t h e  
-16- 
SECTION C 
FINITE RATE CHEMISTRY 
IV. A'Yl'EMPTED SIMPLIFICATION OF ANALYSIS OF CHINITZ AND BAURER 
In Reference 3 Chinitz and Baurer presented a chemical kinetic 
Thirty analysis for the finite rate oxidation of propane with air. 
gaseous species (N was considered as a diluent) participated in 
sixty-nine chemical kinetic reactions in forming a chain of inter- 
mediate hydrocarbons between C H and equilibrium products such as 
CO, CO H 0 ,  etc., as is shown in Figure 8. One of the suggestions 
for future work in Reference 1 was to see if this reaction chain 
could be simplified sufficiently to make it economically feasible 
from the point of view of computer running time in a mixing calcu- 
lation on an IBM 7094. 
elimination of just a few of the species (and their associated 
reactions) that were present only as traces during the preignition 
period very significantly effected both the preignition and re- 
action times. When major deletions were made, the results were 
completely distorted and worthless. 
2 
3 8  
2, 2 
Upon investigation it was found that the 
The conclusion is that the analysis of C'iinitz and Baurer can- 
not be further simplified in order to reduce the computer solution 
time. Hence, it was concluded that at present the "quasi-global" 
chemistry model remains the only practical hydrocarbon finite rate 
chemistry scheme for the description of multi-dimensional flow 
fields. 
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V. IMPROVEMENT OF THE PARAFFIN FINITE RATE OXIDATION QUASI-GLOBAL 
COMBUSTION MODEL 
In Reference 1 a "quasi-global" finite rate chemistry model for 
paraffin oxidation was developed using the analysis of Chinitz and 
Baurer as a guide. The final form of the model (system 111) was 
'nH2n+2 + ;02- nCO + (n+l) H2 
where 
9T -13,74O/RT e - - -  dYF - dt 
3 Here Y denotes molar concentration (moles/cm ) and P is in atmo- 
spheres. 
It was suggested in Reference 1 that the representation of the 
preignition period might be improved by the addition of the five 
chemical kinetic reactions presented in Reference 3 for formalde- 
hyde (HCHO) and formyl (CHO), and to formulate the quasi-global 
reaction between HCHO and the paraffin. CHO and HCHO were added 
to the chemical kinetic system of reaction equations - which are 
listed in full in Appendix C - and a great variety of quasi-global 
models were investigated. It was found that for the preignition 
period, the quasi-global reaction betweeen the paraffin and CHO, 
rather than HCHO, should be used. The probable explanation 
for this is that HCHO hasa far more exothermic heat of 
-18- 
1% 
I 
I 
I 
I 
I 
I 
I 
P 
I 
I 
1 
I 
I 
I 
I 
I 
I 
during its formation. Furthermore, it was found that it was not 
possible to write a reaction of the form 
H n n+ 2 + -O-nCHO+- 
'nH 2n+ 2 2 2  2 2  
but rather that CO or CO must also be formed by the quasi-global 
model in order to obtain a realistic ignition delay time and re- 
2 
action time. Also, it was finally concluded that the best repre- 
sentation would form CO for "high" temperatures, and CO for "low" 2 
temperatures. It was found that f o r  initial mixture temperatures 
above 1300 K a model using CO was best. When the initial temper- 0 
0 ature was less than 1300 K a C02 model was used. However, during 
the reaction period it is of course necessary to change from the 
CO model to the CO model. This switchover temperature was deter- 2 
0 mined to be not 13OO0K, but 1500 K (unless the sum of the mass 
fractions of CO and CO was greater than lo%, which means that the 
combustion process is near completion). This variation in cutoff 
2 
temperature is associated with the fact that unless the burning 
process is well into the reaction period, the forming of CO instead 
of the more exothermic CO acts as a damper upon the combustion 
process for temperatures below 1500 K. This manipulation of the 
2 
0 
-19- 
boundary temperature between the two quasi-global models may seem to 
be a bit of unnecessary fussiness. However, it is important because, 
as will be discussed in detail later, the paraffin combustion process 
is apparently extremely sensitive to temperature. Also, in flow 
field calculations with significant turbuiLent mixing, there is far 
less of a smooth history of combustion on each streamline than there 
is for a one-dimensional calculation. Thus, it is important to have 
as realistic a model as possible for local temperatures between 1300 
and 1500°K. 
The question of the rate of formation of CO and CO 2 in the burn- 
ing of hydrocarbons and graphite has received a good deal of atten- 
tion (cf. Refs. 6 to 2 1 ) .  Unfortunately, the various theories and 
experiments are contradictory. 
the burning process in a higher concentration than at equilibrium, 
and plays an important role with regards to the ignition and re- 
action times. As is true with many questions for hydrocarbon com- 
bustion, more experimental results are needed. The final quasi- 
global model (system IV) is 
It is clear that CO is present during 
n k n + - (1 + 2) 02- -CHO + ‘nH2n+2 2 2 
-20- 
:I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
wnere 
and 
.._ 
Z,; -nigh'; temperature zone 
1; "low" temperature zone 
k'= [ 
(41b) 
-13,74O/RT e & $  = K 1.9 - P 2  y Y - -  
O2 
dt YF I 1000 
where 
8 3 x 10 ; "high" temperature zone 
8 
8 3 x l O W  co = 1.91 x 10 ;  l low^^ temperature zone W 
2 "co 
It may be noted here that the philosophy that has been de- 
veloped towards formulating quasi-global models is that one can 
expect to arrive at the form 
a B Y -E/RT e - - -  dYF - kf(T) P Y Y 
dt O2 
and that k, f (T) , and a will vary strongly as a function of what 
the products of the quasi-global model are, and of the intermediate 
species included in the elementary reactions of the chemical kinet- 
ic system. 
A look at the rate equation for the present global model shows 
Since it is impossible for a paraffin that it will fail at 3520OK. 
to exist at this high a temperature, this is not a cause for concern. 
-21- 
In Figures 9 through 11 systems 111 and IV are compared with 
the analysis of Chinitz and Baurer over a range of temperatures and 
pressures. It is clear that system IV is superior to system I11 
and provides an excellent approximation to the detailed kinetic 
analysis. 
System IV does not (and cannot) exhibit the peak temperature 
CO overshoot of the kinetic analysis. Since it is not yet known 
whether this oversoot occurs physically, this is an excusible omis- 
sion. System IV in general does a better job of simulating the 
ignition delay period than system 111. However, it is not possible 
to construct, using only a few intermediate species, a quasi-global 
system that will not exhibit some temperature rise during the pre- 
ignition period. It is considered satisfactory that system IV 
matches the behavior of the detailed kinetic system during the re- 
action period. 
2 
A. Comparison With Experimental Results 
Although the amount of experimental results available for 
the finite rate combustion of paraffins is limited, there is enough 
available to make it possible to compare some aspects of system IV 
and the analysis of Chinitz and Baurer, with experiment. 
-22- 
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uaLa coiisisis uf t h r e e  types:  ij snocjc tube  expe r i -  
ment reported i n  References 22  and 23; 2 )  s t eady  f l o w  spontaneous 
i g n i t i o n  quenching tube  d a t a  f r o m  References 24, 25, and 26, and 
3)  model F-1 engine tests repor ted  i n  Reference 27. 
1) Steady Flow I q n i t i o n  Tube Apparatus 
The apparatus  of Burwell and Olsen w a s  b a s i c a l l y  a 
16 f t . ,  1 inch  I D  s t a i n l e s s  steel tube.  It w a s  r a d i a n t l y  hea ted  
by a 2 inch  I D  o u t e r  concen t r i c  tube.  B o t h  f u e l  and a i r  w e r e  pre- 
hea ted  and then mixed a t  the tube  en t rance .  Temperature measure- 
ments and chemical samples could be taken a long  t h e  l eng th  of t h e  
tube.  Chemical quenching was provided a t  the e x i t  by a movable 
male c y l i n d e r  which formed an annulus wi th  the female i g n i t i o n  tube.  
The basic procedure w a s  t o  e s t a b l i s h  s t eady  f l o w  w i t h  the  quenching 
rod nea r  the e n t r a n c e  of the i g n i t i o n  tube,  and then  very  s lowly 
withdraw the quencher (and thus  i n c r e a s i n g  the system re s idence  
t i m e )  u n t i l  i g n i t i o n  occurred, upon which the system was shut-down. 
An a l t e r n a t e  procedure w a s  t o  l eave  t h e  p o s i t i o n  of the quencher 
c o n s t a n t  and begin wi th  a very lean  mixture ,  and then  g r a d u a l l y  in -  
c r e a s e  the f u e l - a i r  ra t io .  
The f u e l  w a s  i sooc tane ,  and spec t romet r i c  and chro- 
matograph ana lyses  w e r e  made of p r e i g n i t i o n  samples. I g n i t i o n  
d e l a y  r e s u l t s  are shown p l o t t e d  i n  F igure  12  and w i l l  be d i scussed  
below w i t h  the shock tube  data .  
-23-  
Burwell and Olsen found that under certain condi- 
tions (increasing fuel richness) there was a temperature rise of 
0 0 
as much as 280 K (for an initial temperature of 880 K) during the 
preignition period, and that as much as 50% of the isooctane de- 
composed into lower order hydrocarbons before ignition occurred. 
While these values seem very high, and cause questions to be raised 
about whether the ignition tube was completely adiabatic, they do 
indicate that hydrocarbon ignition may be preceded by a preignition 
period in which there is a substantial rise in temperature - be- 
tween 10 and 20% of the initial temperature - followed by a much 
shorter period with an abrupt rise to the equilibrium temperature. 
This is the type of result that is predicted by system IV, and 
thus provides another reason for the acceptance of the quasi-global 
concept. 
One explanation for this surprisingly large "pre- 
ignition" temperature rise is that a higher order paraffin such as 
isooctane is degraded in a much more complex manner than propane 
and forms more intermediate products which potentially can liberate 
thermal energy. It would be of great interest to see experimen- 
tally if lower order paraffins such as propane exhibited so great 
a temperature rise during the preignition period. 
-24- 
D;F’lr;r? mnmmrrnC;-rr  ..-_- 4-L- ----1- - C  ‘7$.---*-11 --J 
a . . L ~ l ~ d I ~  L W V I L Y L L ~ I I L A ~ A ~  uyvii LIIG W V L A  V L  U U L W G L L  aiiu 
Olsen, Reference 24, presented the results of Salooja, Reference 
25, and Rifkin and Walcutt, Reference 26, which are shown in Figure 
13. He attributed the longer ignition delay times of Burwell and 
Olsen, compared to Salooja, to the fact that the quartz steady flow 
apparatus of Salooja had a larger surface catalytic effect than the 
stainless steel surface of Burwell and Olsen’s apparatus. It should 
also be noted that if the preignition period were to be defined in 
the usual manner as the time required to obtain a five per cent 
rise in initial temperature, the ignition delay timesof Burwell and 
Olsen would be reduced by a factor of two or three, which would 
bring them closer to other experimental observations. 
2) Shock Tube Experiments 
Over the course of several years, Nixon, et. al. 
(Ref. 2 3 ) ,  performed a large number of shock tube ignition delay 
experiments for several hydrocarbons including propane and octane. 
The hydrocarbon-oxygen mixtures were diluted by from 80 to 99% 
argon. 
A great deal of useful material is contained in 
these reports. Information on the ignition of propane-oxygen and 
n-octane-oxygen systems is presented for initial temperatures of 
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0 from 900 t o  1300 K,  pressures from 0.6 t o  1 .9  atmospheres, and s t o i -  
chiometric r a t i o s  from 0 .1  t o  1.0. The ign i t ion  delay times a re  
shown i n  Figures 14 and 15 f o r  propane, and octane and dodecane. 
A comparison of the two f igures  w i l l  show tha t  the ign i t ion  delay 
times a re  essent ia l ly  the same for  propane and octane, thus va l i -  
dating the assumption tha t  our quasi-global model, based on a pro- 
pane analysis  i s  useful for  the descr ipt ion of kerosene combustion. 
Furthermore, Figure 16 shows tha t  there  i s  l i t t l e  difference i n  the 
ign i t ion  delay times of d i f f e ren t  types of octane. 
I t  i s  regret table ,  however, t h a t  most of the shock 
tube experiments were performed w i t h  concentrations of 95 and 99% 
of argon d i luent ,  f o r  f ea r  of shock tube detonation. Chinitz and 
Baurer i n  Reference 3 have previously pointed out t ha t  i t  i s  not 
completely r e a l i s t i c  to  subs t i tu te  monatomic argon for  diatomic 
nitrogen as a di luent ,  because, i n  addition t o  having a d i f f e ren t  
molecular weight and spec i f ic  heat  capacity, the monatomic molecule 
w i l l  behave d i f f e ren t ly  from the diatomic molecule i n  par t ic ipa t ing  
as a th i rd  body i n  the many elementary chemical k i n e t i c  react ions 
which occur d u r i n g  the burning of the paraf f in .  Furthermore, when 
the degree of d i lu t ion  i s  so  zxtreme tha t  the t o t a l  combustion 
temperature r i s e  i s  a t  most a few per cent of the i n i t i a l  temper- 
a ture ,  i t  i s  not f e l t  tha t  great  worth can be attached t o  the data ,  
-26- 
regardless  of t h e  n_?+_i~re cf k h e  di l i rer l i .  indeed, Hawthorne and 
Nixon i n  Reference 2 9  reported the  degree t o  which increasing di-  
l u t ion  retarded ign i t ion  delay, as shown i n  Figure 17  f o r  a pro- 
pane-oxygen-argon m i s t u r e .  
The c r i t e r ion  adopted towards the  u s e  of the  data  
of Reference 23  was t o  u s e  the r e su l t s  of 80% argon d i lu t ion  tes ts  
wherever possible ,  and 90% argon data  where 80% was not avai lable .  
This means confining ourselves t o  s toichiometr ic  and lean data .  
A comparison of ign i t ion  delay t i m e s  f o r  the  quasi-global model 
and the  Chinitz-Baurer model i s  made with the Shell ,  and Convair 
da ta  of Reference 22,for propane mixtures a t  approximately 1 atm. 
on Figures 18 and 19. I n  general, the agreement i s  qu i t e  good. 
3 )  Comparison of Steady Flow Data and Shock Tube Data 
Igni t ion delay data  fo r  s toichiometr ic  isooctane- 
a i r  and isooctane-oxygen-argon systems are  presented on Figure 20. 
There i s  c l ea r ly  a sharp break between the Shel l  shock tube da ta  
a t  1 a t m . ,  and the data  of Salooja, and Burwell and O l s e n  a t  1 and 
1.47 a t m s . ,  respect ively.  For the shock tube and steady flow sys- 
t e m  da ta  t o  be consis tent  there would have t o  be a very rapid 
change i n  the  ign i t ion  delay period between 900 and 1000 0 K ,  a s  
would be indicated by path A. Only fur ther  experiments with the  
shock t u b e  a t  lower temperatures, o r  the steady flow system a t  
-27- 
higher temperatures can resolve whether the two types of experi- 
ments yield consistent results. Fortunately, ignition delay times 
of greater than 1 x 10 seconds are not of great interest for 
this plume analysis since the flow field velocities will typically 
be at least several thousand feet per second, and hence a particle 
would be a minimum of several diameters downstream of the exit lip 
before .01 seconds have elapsed. It may also be noted that the 
reaction rates for some of the elementary kinetic reactions are 
not applicable below 800 K to 1000 K, and that in this low temper- 
ature region other kinetic reactions may be required and should be 
added to the ones used in the quasi-global model and in Reference 3 .  
-2  
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B. Comparison of Plume Calculations with Available 
Experiments 
There is still a paucity of experimental data involving 
measurements of the temperature and chemical concentrations in the 
F-1 engine plume. Reference 27 reports experimental results that 
were obtained from static test firings of (a) an F-1 engine (b) a 
scale model F-1 engine and (c) various small auxiliary rocket en- 
gines. Chemical samples could be taken at only  one position in the 
flow field during each test. A spectral radiometer, a photographic 
pyrometer, and a spectrograph were used to measure radiation from 
the plume, and thus calculate a temperature map of the plume. 
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Due t o  the f a c t  t h a t  a s t r u c t u r a l l y  s t r o n g  s i n g l e - p m i t i c n  
sampling probe had t o  be used, t he  amount of d a t a  presented  i n  R e f -  
erence 27 i s  by no means comprehensive, s i n c e  each run  provided only 
one d a t a  p o i n t  a s  f a r  as  chemical composition was concerned. I n  
making u s e  of t h e  experimental  d a t a  t o  provide i n i t i a l  cond i t ions  
f o r  plume c a l c u l a t i o n s ,  i t  was decided t o  average the  chemical com- 
p o s i t i o n s  of t h e  a c t u a l  F-1 nozzle  tes ts  (Runs 74, 76 and 1 0 3 )  and 
use  them a s  t y p i c a l  of t h e  boundary l a y e r  and t u r b i n e  exhaust  gas 
reg ion ,  s i n c e  t h e  probe made a maximum p e n e t r a t i o n  of only .06 r 
i n t o  t h e  flow f i e l d  a t  t he  e x i t  plane.  Run 30 from the  s c a l e  model 
F-1 tests was used t o  provide the  composition of t h e  bulk of t h e  
nozzle  exhaust .  I n  both cases t h e  va lues  of t r a c e  spec ie s  were 
taken a s  t h a t  given by the  equi l ibr ium c a l c u l a t i o n s  presented i n  
Reference 3 3 .  The i n i t i a l  values of T, u and mass f r a c t i o n s  f o r  
t h e  F-1 plume c a l c u l a t i o n  are  t abu la t ed  i n  Appendix B. I t  should 
be noted t h a t  ( a )  experimental ly  the  in t e rmed ia t e  spec ie s  only 
amounted t o  a few percent  i n  t h e  main exhaust  flow (b) t h a t  t h e  
s o l i d  carbon mass f r a c t i o n  was less than .02 even i n  t h e  t u r b i n e  
exhaust  reg ion ,  and (c) t h a t  a l l  of t he  R P 1  had been burned o r  
cracked before  t h e  e x i t  plane.  The in te rmedia te  spec ie s  d e t e c t e d  
i n  t h e  flow f i e l d  w e r e  lumped toge ther  and considered t o  be HCHO. 
e 
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If the concentration of intermediates had been larger and if they 
had been heavier, higher order hydrocarbons, it would have been 
more appropriate to represent them as C H Figures 48 and 49 of 
Reference 27 present temperature maps made from radiation measure- 
9 20 '  
0 
ments of 3100 and 4400 A wavelengths, from F-1 model engine runs 
0 
168 and 3 6 ,  respectively. 
temperature of about 2250 K, and shows little change in a distance 
of one radius from the nozzle exit. The 4400 A map begins with a 
temperature of 1850 K and reaches 1900 K at one radius, but is rap- 
The 3100 A temperature map has an initial 
0 
0 
0 0 
idly rising at this point. These results may be compared with the 
case A isotherm map shown in Figure 21, where case A is a sea level 
calculation with finite rate chemistry. The numerical calculation 
shows a more rapid rise in temperature, but it is necessary to run 
the calculation out to a greater distance to be able to fully com- 
pare it with the F-1 model engine test results. 
The conclusions that the authors of Reference 27 come to 
regarding the history of carbon formation and burning in the plume 
are interesting. However, the fact that they are based on many 
radiation measurements, but relatively few chemical samples, makes 
it hard to evaluate how well founded these conclusions are. Ad- 
~ 
mittedly, it would be quite expensive to accumulate a large number 
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of chemical sample d a t a  po in t s  even  using t h e  s c a l e  F-1 engine con- 
f i g u r a t i o n s .  
l y t i c  and b a s i c  experimental work f o r  t he  plume problem r a t h e r  than 
s p e c i f i c a l l y  hardware o r i en ted  tests.  
However, t h i s  merely i n d i c a t e s  t h e  need of more ana- 
-31- 
V I .  O X I D A T I O N  PROCESS FOR CARBON PARTICLES 
Since i n  t h i s  analysis i t  i s  assumed tha t  the carbon p a r t i c l e s  
i n  the plume are  the source of the radiant  energy reaching the base 
i t  would be of the grea tes t  i n t e r e s t  to  be able to  predict  the r a t e  
a t  which the carbon pa r t i c l e s  
layers  of the flow f i e l d ,  and the r a t e  a t  which they are burned off 
i n  the leaner regions. 
(soot) are  formed i n  the f u e l  r ich  
The graphi te  combustion process has been investigated experi- 
mentally and analyt ical ly  for  a t  l e a s t  for ty  years,  but there  i s  
almost a complete lack of quant i ta t ive  experiments o r  theory tha t  
i s  applicable t o  the descr ipt ion of the formation process and 
combustion process of carbon p a r t i c l e s  with a mean diameter as 
small as 300 t o  500°A. 
work tha t  has been performed has dea l t  w i t h  e i t h e r  carbon spheres 
with diameters of the order of one centimeter, o r  e l s e  ablat ive 
surfaces  ( c f .  Refs. 6 t o  18). I n  e i the r  case there  i s  a laminar 
diffusion layer about the p a r t i c l e ,  or  surface,  which, according 
t o  Scala ( c f .  R e f s .  7 t o  l o ) ,  dominates the oxidation process 
throughout most of the temperature range tha t  i s  of i n t e r e s t  t o  
us .  However, f o r  pa r t i c l e s  4 x 10 m. i n  diameter, t h i s  d i f fus ive  
layer i s  most de f in t t e ly  n o t  the r a t e  control l ing fac tor ,  and hence 
Most of the experimental and ana ly t ica l  
-8 
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t h e  above ana lyses  and experiments are of l i t t l e  use  t o  us .  
Some q u a l i t a t i v e  work h a s  been done i n  formula t ing  theories t o  
ana lyze  the s o o t  formation process  i n  f u e l  r i c h  hydrocarbon flames. 
T e s n e r  ( c f .  Refs. 19 and 20) and Homann (Ref. 2 1 )  have summarized 
and correlated much of the work that  h a s  been done i n  t h e  U.S.S,R. ,  
Europe, and t h e  U.S.A. on t h e  p rocess  of soot format ion  i n  hydro- 
carbon flames, but  n e i t h e r  author  w a s  a b l e  t o  advance a theory  f o r  
p r e d i c t i n g  t h e  ra te  a t  which soot format ion  would occur .  Indeed, 
i t  i s  n o t  c l e a r  whether t h e  dominant mode of soot formation i s  
through a k i n e t i c  cha in  process  where p r o g r e s s i v e l y  heavier and 
h e a v i e r  hydrocarbon polymers, which become more and more unsa tu ra t ed ,  
a r e  formed u n t i l  they j o i n  i n  aggrega tes  of thousands of "molecules" ,  
each c o n t a i n i n g  hundreds of a t o m s ,  which a r e  almost a l l  carbon, o r  
whether carbon atoms are " f reed"  i n  s imple r e a c t i o n s  such a s  
c H + a0 2a co + H + (n-2a) c (43 1 n m  2 2 2  
and t h e n  form aggrega tes  without  f u r t h e r  chemical r e a c t i o n .  The 
former view seems t o  be supported by t h e  r e c e n t  experimental  work 
of Echigo, Nishiwake, and Hirata  (Ref. 31 ) .  
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It is quite clear that a great deal more experimental work must 
be done before any successful quantitative theories for soot forma- 
tion can be developed. 
The finite - rate oxidation process for soot particles already 
present in hydrocarbon flames also is not well understood. 
Lee, Thring, and Begr (Ref. 32) have performed a set of experiments 
which make it possible to form a global reaction for the combustion 
of the carbon particles. This global rate equation should not be 
thought of as a firmly established analysis, but rather as a useful 
first estimate which will probably be modified and extended by fu- 
ture experimental work. 
However, 
The basic experimental apparatus was a laminar diffusion flame 
inside a quartz tube. The fuel was predominantly propane, with some 
propylene and ethylene, and was burned with oxygen-enriched, pre- 
heated air. Solid and gas samples were taken starting at the axial 
position at which soot particles were formed in the flow field. 
The gas samples were analyzed by a chromatograph'ic method, and by an 
Orsat apparatus. An electron microscope was used in determining 
the size of the soot particles. 
ferent overall stoichiometric ratios. Temperatures of from 1200 K 
to almost 1700 K occurred in the sampling region. The authors were 
A series of runs was made for dif- 
0 
0 
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ab le  t o  c o r r e l a t e  t he  experimental  r e s u l t s  f o r  t he  soo t  combustion 
by the  r e l a t i o n  
"2 -39,30O/RT 
e (44 1 * 2 / 3  - m 1/3 
dih 4 6(1.085) x 10 h - -  - C 
C " f i  d t  d pc c i n i t i a l  
which i s  r e a d i l y  transformed t o  
by assuming t h a t  t he  soo t  d e n s i t y  p , i s  2 gm/cm 3 and t h a t  t he  mean 
C 
0 i s  400 A. 
dc 
p a r t  i cle diameter  I 
The au tho r s  s t a t e  t h a t  they d i d  not  d e t e c t  CO i n  t h e i r  sampling. 
Consider ing t h e  temperature range of t h e  flow, t h i s  i s  amazing. 
f a r  a s  can be determined from Reference 32, t h e  sampling probe was 
a s imple . 5  mm cons t an t  diameter s t a i n l e s s  s t e e l  tube. A s t anda rd  
r e fe rence ,  such as  Fr i s t rom and Westenberg ( R e f .  3 0 ) ,  i n d i c a t e s  
t h a t  a probe must be f a r  more s o p h i s t i c a t e d  i n  des ign  t o  chemical ly  
f r e e z e  the  sample. 
p r e s e n t  i n  t he  flow f i e l d  became CO 
flow cooled. 
As 
So i t  appears p o s s i b l e  t h a t  whatever CO was 
i n  t he  sampling tube a s  t h e  
2 
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Nevertheless, it was decided to tentatively accept the authors' 
assumption that the soot burning formed CO exclusively. The exper- 
imental results of References 27 and 28 indicate that the initial 
plume carbon mass fractions are low enough so that the amount of 
CO added to the flow by the soot burning model will not signifi- 
cantly affect the overall plume combustion process. Hence, we shall 
use the model of Reference 32 as a preliminary analysis in seeing 
how the soot oxidation process affects the magnitude of the plume 
radiation. 
2 
2 
Equation (45) assumes a one-dimensional flow. To employ it in 
a multi-dimensional mixing analysis, it is necessary to treat the 
solid carbon as though it were a separate element whose species are 
burnt and unburnt carbon. Then (ac /at ) is the ratio of the 
"element" mass fraction to the unburnt carbon specie mass fraction 
on each streamline. 
initial c 
The results of using the carbon burning model are compared with 
the assumption of frozen carbon flow for the data of case A, as 
shown in Figure 22. It is clear that within one radius downstream 
of the nozzle exit there has already been significant carbon burning 
in the hotter poritions of the flow field. And this, of course, 
will affect the amount of radiation emitted by the plume. 
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SECTION D 
SUMMARY AND RECOMMENDATIONS 
VI10 SUMMARY AND RECOMMENDATIONS 
The coupling of the base radiation analysis to the turbulent 
mixing program, with hydrocarbon-air finite rate, quasi-global chem- 
istry has shown that plume radiation does not cause significant base 
heating for a F-1 engine nozzle configuration. It would be of in- 
terest to extend the analysis to consider bodies other than a per- 
pendicular base heat shield, such as other nozzles clustered near 
the plume. 
The paraffin-air quasi-global finite rate chemistry analysis 
of Reference 1 has been improved, particularly with regard to the 
preignition period. Comparison with shock tube experiments shows 
that it yields results, at least with respect to ignition times, 
that are well within an order of magnitude. Also the quasi-global 
model compares very well (except regarding the CO temperature 
overshoot) with the more complex and far more time consuming pro- 
pane-air kinetic chemical model of Chinitz and Baurer. And, of 
course the quasi-global model can be used to analyse the burning 
of more complex paraffins than propane, since, as has been shown 
by the experiments of References 2 3  and 29, the ignition delay 
times of the paraffin family vary little with increasing molecular 
weight. 
2 
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In order to accurately predict the amount of solid carbon in 
the plume for the purposes of the radiation analysis, 
investigation was made of the experimental and analytical work that 
has been done on the formation and burning of carbon soot particles 
in high speed flow. It was found that useful quantitative results 
were almost completely lacking. However, the work of Lee, Thring, 
and Bedr (Ref. 3 2 )  provided a basis for the construction of a ten- 
tative global model for the burning of the soot particles. 
a thorough 
In general, it m a y  be said that the state of the art with re- 
gards to understanding and predicting the presence of solid carbon 
soot particles in fuel-rich hydrocarbon flames, is at a very low 
level. It seems clear that the process is not an equilibrium one, 
since experimental results, such as those presented in References 
27 and 28 show solid carbon concentrations an order of magnitude 
less than the predictions of equilibrium calculations. Hence it 
is necessary to gather far more experimental data on the problem, 
and then develop finite-rate chemical models from the experiments. 
Fortunately, diffusion flame tests should shed light on this prob- 
lem, and would be relatively inexpensive. 
It is also true that more experimental data is needed for hy- 
drocarbon flames in general, for the purpose of evaluating the 
-38 -  
v z r i o u s  finite-rste chemical mechanisms. The  h igh  v e l o c i t i e s  that  
t h e  exhaust gases  have i n  the  plume r e q u i r e  t h a t  f i n i t e - r a t e  r a t h e r  
than  equ i l ib r ium chemistry models be used, p a r t i c u l a r l y  i n  the re- 
g ion  nea r  the nozz le  e x i t  which i s  the prime source  of base r a d i a t i o n .  
For in s t ance ,  t h e  experimental  r e s u l t s  shown i n  F igu re  20 seem t o  
show tha t  there i s  an extremely r a p i d  i n c r e a s e  i n  i g n i t i o n  d e l a y  
t i m e  as t h e  temperature  drops below 1000 K.  This  could be v e r i f i e d  
through e i ther  more s t eady  flow quenching tube  tests, o r  more shock 
tube  tes ts .  T h e  cost  of bu i ld ing  a quenching tube  r i g  would n o t  be 
expensive as experimental  f a c i l i t i e s  go, and even a series of shock 
tube  s t u d i e s  should be less  expensive than  F-1 engine f i r i n g s ,  or 
possibly even scale model F-1 engine tests.  
0 
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APPENDIX A 
COMPUTER I N P U T  AND OUTPUT 
I n  Reference 1 t h e  i n p u t  requirements  and output  of  t h e  
computer program f o r  f r e e  mixing and system I11 f i n i t e  r a t e  
chemistry w e r e  descr ibed i n  g r e a t  d e t a i l .  However, s i n c e  t h e  
flow f i e l d  has  been r e c a s t  i n  c u r v i l i n e a r  coord ina te s ,  and 
s i n c e  i n p u t s  have been added f o r  t h e  r a d i a t i o n  c a l c u l a t i o n ,  
t h e  p r e p a r a t i o n  of i n p u t s  f o r  t h e  computer program w i l l  aga in  
be d iscussed  i n  d e t a i l .  
The program is  i n  F o r t r a n  I V  ( Ibsys  13) language and has  
been compiled on t h e  IBM 7094 computer. The i n p u t  format i s  
given below i n  Table A - I .  The t u r b u l e n t  eddy v i s c o s i t y  models 
are t h e  same a s  i n  Reference 1: 
Model A:  
Model B: 
(x + 6* ) 
1 e x i t  c1 = + 900 c (Pu) max + ( P U l m i n  
(tM + 6* 1 
1 -4 e x i t  p = l O  + 900 c ( P U )  max - Wmin
and Ly, are in -  2 
'PB 
where t h e  dimensions of p a r e  l b f - s e c / f t  . 
p u t s  t h a t  m u s t  be supp l i ed  t o  t h e  program. I t  i s  obviously 
v i t a l  t o  c a l c u l a t e  $I ( t h e  plume boundary s t r e a m l i n e )  cor- 
r e c t l y ,  s i n c e  t h e  e n t i r e  flow f i e l d  i s  cons t ruc t ed  about  i t .  
PB 
From Equat ion (8) 
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(A-1) 
For t h e  F-1 engine,  t h e  f l o w  f i e l d  a t  t h e  nozzle  e x i t  may be 
thought  of as c o n s i s t i n g  of a c e n t r a l  main flow core  and a n  
o u t e r  boundary l a y e r  and tu rb ine  exhaust  gas  region.  A t  t h e  
nozz le  e x i t  (s=O) y and n coord ina tes  are p a r a l l e l  (before  ex- 
pansion o c c u r s ) .  Hence 
+ 'core (r  - r 'PB = rw(P')outer w core  
( r  - r 1 + rw(pu)  (r  - 0 )  'PB W co re  (pu) o u t e r  w c o r e  core  = r  
I n  gene ra l ,  t h e  o u t e r  exhaust gas  reg ion  w i l l  be t h i n n e r  and 
have less m a s s  flow than t h e  core  region.  Hence, i n i t i a l l y  choose 
A$ such t h a t  there w i l l  be, f o r  i n s t a n c e ,  t e n  p o i n t s  i n  t h e  ou te r  
reg ion  and two p o i n t s  i n  t h e  co re  region and t h e  surrounding a i r .  
Thus, t h e  $PB g r i d  p o i n t  would be s p e c i f i e d  a s  be ing  t h e  t w e l f t h  
g r i d  p o i n t  i n  t h i s  case .  A s  g iven  below i n  t h e  i n p u t  format ,#  PB ' 
A$, and t h e  number of t h e  iP, g r i d  p o i n t  a r e  i n p u t t e d  t o  spec i fy  
t h e  s e t u p  of t h e  f i n i t e  d i f f e r e n c e  g r i d .  
The base r a d i a n t  h e a t  f l ux  w i l l  be c a l c u l a t e d  t o  a s  many 
r a d i a l  p o s i t i o n s  on t h e  base as s p e c i f i e d .  However, s i n c e  t h e  
base r a d i a t i o n  c a l c u l a t i o n  is  a very t i m e  consuming process  (of  
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t h e  same order  of magnitude a s  t h e  f i n i t e  r a t e  chemis t ry ) ,  t h e  
number of r a d i a l  l o c a t i o n s  should be kept  t o  a m i n i m u m .  
This  program i s  n o t  i n  any way a c h a r a c t e r i s t i c s  program. 
Hence, t h e  phys ica l  coord ina tes  of t h e  p lume boundary s t r e a m l i n e  
and t h e  s t a t i c  pressure  a x i a l  d i s t r i b u t i o n  m u s t  be found e i t h e r  
a n a l y t i c a l l y  o r  experimental ly  and suppl ied  as i n p u t s  t o  t h e  
program. S i m i l a r l y  t h e  change i n  the phys ica l  cond i t ion  of t h e  
nozzle  gases  a s  they expand around t h e  e x i t  l i p ,  and t h e  p h y s i c a l  
s t a t e  of  t h e  f r e e  stream a i r  a f t e r  it passes  through t h e  l i p  shock, 
mus t  be c a l c u l a t e d  e x t e r n a l l y  and supp l i ed  as i n p u t s  t o  t h e  program. 
I t  may be noted t h a t  t h e  r a d i a n t  base h e a t  f l u x  i s  nega t ive  
i n  t h e  computer o u t p u t .  This  has  no s i g n i f i c a n c e  o t h e r  than  t h a t  
t h e  r a d i a t i o n  i s  i n  t h e  minus x d i r e c t i o n .  
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I 
I 
Card Column -
TABLE A-I 
INPUT FORMAT 
D e s  cr i p t  i on  Format 
1 2-72 T i t l e  Card; information inpu t t ed  h e r e  12A6 
w i l l  be p r i n t e d  on every  page of out-  
pu t  ' 
2 1-5 I n i t i a l  number of J1 g r i d  p o i n t s  (M) I5 
a t  s t a r t i n g  s .  
6-10 I n i t i a l  number of g r i d  p o i n t s  a t  s=O I I  
(must be less than 50) 
11-15 = 0 - F i n i t e  r a t e  chemistry employed I I  
= 1 - Flow is  chemical ly  f rozen  
16-20 = 7 - Viscos i ty  model A used 
II  = e -  'I  B I' 
l l  
21-25 Number of g r i d  p o i n t  a t  s=O I I  
26-30 M J ;  the number of  p o i n t s  on base f o r  I1  
which r a d i a n t  h e a t  t r a n s f e r  ra te  w i l l  
be ca lcu la ted .  This input  may be zero,  
and must be less than 101. 
31-35 = 0 - Mass f r a c t i o n s  of s o l i d  carbon a r e  'I 
chemically f rozen  
t o  the appropr i a t e  g loba l  com- 
bust  i on  model . 
= 1 - Solid carbon w i l l  burn according 
3 1-10 P r i n t o u t  i n t e r v a l  on plume boundary E10.8 
(As) ( f t .1  
11-20 Maximum a x i a l  (x)  d i s t a n c e  (ft.)-mea- I I  
sured f r o m  engine base. 
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Card Column 
3 21-30 
4 
5 
31-40 
1-10 
11-20 
21-30 
31-40 
41-50 
51-60 
1-10 
11-20 
21-30 
31-40 
41-50 
51-60 
Description 
Starting plume boundary (s) position 
(ft.)-measured from nozzle exit. 
Starting axial (x) location (ft.) - 
measured from engine base. 
Lewis Number 
Prandtl Number 
A # ;  distance between grid poin-s 
(slugs/sec.) 
XMPS; As = As/XMPS. Usually set equal 
to 1. 
6* - boundary layer thickness at exit nozzle exit (ft.) 
- Value of stream function on the 
'PB plume boundary (slugs/sec ) 
End points of domains of pressure 
polynomials 
XP3 
Format 
E10.8 
11 
E10.8 
tr 
11 
11 
11 
11 
11 
11 
11 
Blank 11 
End points of domains plume bound-" 
ary coordinate polynomials 11 
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I 
1 
1 
I 
I 
I 
I 
I 
1 
I 
- Card Column &script ion 
6 
* 6 
p l ( x ) =  C aj (x-x 
j=1 
1-10 
L1-2[! 
21-30 
Coefficients of first pressure 
polynomial. 3 
31-40 a 
6 51-60 ' a 
61-70 X 
* 
7 1-70 Second pressure polynomial 
8 1-70 Third pressure polynomial 
Format 
E10.8 
II  
II 
I 1  
II 
7E10 . 8 
I I  
9 1-70 Fourth pressure polynomial I 1  
10 1-70 First plume boundary coordinate poly- I 1  
nomial, 
6 * j-1 
(XI= bj (x-x ) (ft. 
j=1 'PBl 
11 1-70 Second plume boundary polynomial 
12 1-70 Third plume boundary polynomial 
-45- 
~ 
- Card Column 
13a 1-10 
11-20 
- -  
60-70 
13b 1-10 
- 
1 
2 
r 
r 
-- 
7 
r 
8 r 
92 
11-20 
‘8 14b 1-10 
m s c r  ip t ion 
Radial locations (ft,) on engine 
base for which radiant heat trans- 
fer flux is calculated. If M J = O  
(Card 2 - CC30) Cards 13i and 14i 
are completely omitted. 
61-70 T(J17) 
15b 1-10 ($8) 
Values of radiant heat flux 
[BTU/ft2sec) at local s. They 
will, of course, be zero at 
s=o 
Static temperature (OK) at 
each grid point. 
-46- 
Format 
E10.8 
II 
- -  
I1 
I1 
I1 
E10 . 8 
II 
I 1  
I1 
E10.8 
II 
I1 
I1 
II 
Card Column Description -
16a 1-10 u (#,I 
11-20 u W2) 
Velocity (ft/sec) at each 
grid point 
------------- 
61-70 u W7) 
16b 1-10 u (#*I. 
17A1 1-10 
11-20 
21-30 
31-40 
41-50 
51-60 
61-70 
17B1 1-10 
11-20 
21-30 
31-40 
41-50 
51-60 
61-70 
% I  Species mass fractions at $*.  
Format 
E10.8 
II 
o cards of mass fractions' II 
be inputted for each grid 
Q1 
II 
5320 point- 
II 
U 11 
ote that Cy is only needed 
solid carbon is C-F 
02 
I 1  
participate in the 
urning process. At s=O, II 
For restarts with s>O, 
is taken from the output I 1  
of the previous run. 
01 
Of 
CHO 
HCHO 
U 
cy C 
i 
C-F J U 
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'3 
I 
0 
I 
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* I  
3 
I 
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4 
01 
1 w 
0 
0 
0 
3 0
9 
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APPENDIX B 
PLUME SAMPLE CALCULATIONS 
As was described in section Vc, by using the data in Reference 
27, wich a little help from the equilibrium calculations of Refer- 
ence 3 3 ,  it was possible to determine what is hoped to be a reason- 
able approximation of the chemical composition of the plume core 
and turbine exhaust gas-boundary layer region, at the nozzle exit. 
The mass fractions are given below in Table B-I .  
It was decided to run two basic test cases. Case A was at sea 
level pressure, with the plume exhausting into essentially quie- 
scent air (ua = 100 ft./sec.). 
Since photographs in Reference 27 of sea level tests of various 
rocket engine exhausts did not show any pronounced pluming for 
several diameters downstream of the exit, it was decided to arbi- 
0 trarily incline the plume boundary streamline at 1 to the axis. 
Since no definite temperature or velocity distributions were avail- 
able it was necessary to make what seemed to be reasonable approx- 
imations. The values of T, M, and u are given below in Table B-11. 
Case A was run with both finite-rate chemistry (including the 
solid carbon global oxidation model) and frozen chemistry, and the 
results presented in Figures 6, 21, and 22. The fact that the 
-52- 
I 
1 
I 
I 
I 
P 
I 
I 
I 
I 
I 
1 
I 
I 
I 
1 
r a d i a t i o n  base  h e a t  t r a n s f e r  l e v e l s  of t h e  chemica l ly  f rozen  cal-  
c u l a t i o n  w e r e  n e a r  t hose  of  the  react ing c a l c u l a t i o n  shows t h a t  t h e  
s o l i d  carbon w a s  being bu rn t  q u i c k l y  enough t o  almost compensate 
f o r  the r a d i a t i o n  i n c r e a s e  due t o  h i g h e r  tempera tures  i n  t h e  chem- 
i c a l l y  r e a c t i n g  flow f i e l d .  
Case B w a s  designed t o  have P /Pa = 100. Reference 34 could 
e x i t  
be used t o  d e s c r i b e  t h e  plume boundary s t r e a m l i n e  coord ina te s ,  pro- 
v ided  t h a t  t h e  a i r  w a s  aga in  cons idered  t o  be q u i e s c e n t .  The i n i -  
t i a l  plume angle  ( Cp ) was 7 1  , and t h e  temperature  and v e l o c i t y  
of  case A w e r e  a d j u s t e d  to  tu rn  through t h i s  angle .  The r e s u l t i n g  
tempera tures  w e r e  l o w  enough so t h a t  t h e  plume would be chemical ly  
f r o z e n  u n t i l  f a r  downstream of t h e  e x i t .  Thus, i t  w a s  not  neces- 
s a r y  t o  make a f i n i t e  rate chemistry run f o r  c a s e  B. The base 
h e a t  t r a n s f e r  f l u x  i s  shown i n  F igure  7 f o r  t h i s  case. 
0 
- 5 3 -  
TABLE B- I  
PLUME CHEMICAL COMPOSITION (MASS FRACTIONS)_ 
Flow R e g i o n  
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I 
1 
1 
C a s e  A 
P=2116 p s f a  
0 
q =  1 
1500 
.96 
2820 
C a s e  B 
289 
.09 
100 
P=35.4 p s f a  
<p = 71° 
TABLE B - I 1  
CALCULATION INITIAL CONDITIONS 
Core 
1900 
3.55 
11,640 
600 
7.36 
14,000 
-55- 
T.E.G. - B.L. I A i r  
890 
2.60 
6000 
224 
.10 
100 
APPENDIX C 
CHEMICAL S P E C I E S  AND ELEMENTARY K I N E T I C  REACTIONS 
T h e r e  are 1 2  gaseous and 1 s o l i d  specie i n  the chemical s y s t e m :  
H ,  0, H 2 0, H2 ,  0 2 ,  OH, CO, C 0 2 ,  CHO, HCHO, CnH2n+2t  N 2'  and C ( s o l i d )  
The global  r e a c t i o n s  i n v o l v i n g  C H and C have already n 2 n + 2  ( s o l i d )  
been  described i n  d e t a i l .  The global  r eac t ions  are used i n  con- 
j u n c t i o n  w i t h  the elementary chemical k i n e t i c  reac t ions  of R e f e r -  
ence $, w h i c h  are tabula ted  b e l o w  i n  T a b l e  C - I .  The c h e m i c a l  re- 
3 
ac t ions  w e r e  l i n e a r i z e d  i n  the m a n n e r  described i n  R e f e r e n c e s  35 
and 36, and the  r e s u l t i n g  s y s t e m  of equat ions i s  solved u s i n g  the 
t e c h n i q u e  of R e f e r e n c e  3 7 .  
I 
1 
I 
I 
H 
I u 
w 
5!! 
B 
C 
0 
*d 
U 
U 
rd 
2 
x 
0 u 
tl 
+N 
X 
0 + 
0 u 
0 cv 
T 
X 
tl 
N 
T 
X 
0 
z 
N 
X 
tl 
X 
0 
N 
r: 
X 
tl 
+w 
T 
X 
CJ 
3 
N 
X 
tl 
T 
X 
0 + 
X 
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